Introduction
Solid state photodetectors~ such as silicon, GaAs, and Hgi2 have quantum efficiencies in excess of 60%, considerably higher than that of phototubes in common use for scintillation detection. In addition, solid-state devices are not affected by magnetic fields, can be made much smaller than phototubes, and in a wider variety of shapes. Silicon photodiodes and BGO crystals have been used in the measurement of X-r~y fluxe~ for X-ra~ computed tomography 1 ), but electronic noise has discouraged their use for the detection of individual X-rays and y-rays.
Two potential applications for the use of solid-state photodetectors and BGO scintillators for the detection of individual events are in high energy physics and in medical imaging. In the former, thousands of 20 em long BGO crystals would be used to .detect electromagnetic showers in magnetic fields2, 3 ) . Our research interest is in the' latter, where thousands of BGO crystars, much smaller than available phototubes, would be used for the highresolution, dynamic, 3..:0 tomographic imaging of positron-1 abe led tracers in the human body. In this scheme, the BGO crystals ·would be coupled in.groups to phototubes for coincidence timing information and coupled individually to solid state photosensors for crystal identification 4 ,_ 5 )'~· The annihilation photons produce a · 511 keV photopeak that· correspdnds to a s i'gna 1 1 eve 1 of about 2000 electron charge carriers· in the photodiode. Most photodiodes have zero bias capacitances of several hundred pF, which results in a charge amplifier noise level greater than the signal level. A reverse bias voltage greatly· reduce~ this capacitance, but the resulting dark current is typically tens of nA, which produces a shot noise that is also greater than the signal 1 eve 1 .
The first report of photodiode readout of BGO for the detection of individual charged particles es'timated an energy resolution of 2-3 MeV FWHM 2 ). More recently, a new class of low-capacitance, low dark current silicon photodiodes has been developed hi the Hamamatsu TV Co. 'of Japan ·in collaboration with Dr. Groom of the University of Utah 3 ). Using the Hamamatsu S1723, which has a 10 mm x 10 .mm active area and a reverse-biased· capacitance of 70 pF, Drs. Groom and Cavalli at the Stanford Linear Accelerator Center have detected pulses from 6°Co irradiation (1173 and 1332 keV y-rays) on bismuth germanate, with an estimated energy resolution of 750 keV FWHM 3 ). Key factors in this development were the use of high resistivity silicon, which permitted nearly full depletion withou"t breakdown, and diode contacts having low series resista.nce. · ~ · · · · · Using a 3 rrm x 10 mm Hgi2 crystal· as a photodetector for a 3 mm x 10 mm x 2 mm deep BGO crystal, Iwanczyk and co-workers have measured a 511 keV photopeak FWHM of 19% 6 ). Important features of their photodetector are its thickness, which results in a low capacitance, and the fact that Hgi2 is an insulator (band gap 2.13 V), which results in a room temperature dark current below 0.1 nA.
Using BGO scintilla tors and Hg I 2 photodetectors, Barton and co-workers made the first measurement of coincident timing resolution of a pair of scintillators coupled to solid state photodetectors. They measured a resolution of 105 nsec FWHM for annihilation photon pairs, and estimate that the timing resolution could be improved to 50 nsec FWHM by decreasing the charge amplifier noise and by increasing light collection 5 ).
Materials and Methods
Throughout this work we used the Hamamatsu S1722-0l silicon photodiode, which has an active area 4 mm in diameter. and a reverse-biased capacitance of 12 pF. All BGO crystals were polished, coated with MgO powder in water suspension, and allowed to dry. For our first tests, we selected a BGO crystal measuring 3 mn x 3 mn x 10 mn deep that had a 662 keV photopeak reso 1 ut ion of 14% FWHM when used with a Hamamatsu R1306 phototube. After this crystal was cemented to the photodiode, we measured photopeak resolutions of 12% and 10% FWHM at -?soc and -1sooc, respectively, using an amplifier peaking time of 10 ~sec.
As these resolution widths were significantly larger than the combined effect of carrier statistics, shot noise, and amplifier noise, we suspected that variations in light collection were a significant factor. Additional selection from a sample of 150 crystals (supplied by Harshaw Chemical Co., Solon, Ohio) provided a 3 x 3 x 3 mm 3 BGO crystal that had a 662 keV photopeak resolution of 12% FWHM when using the R1306 phototube. The selected 3 x 3 x 3 ll111 3 BGO crystal was cemented with RTV 3140 (Dow Corning Corp., Midland, Michigan) to a S1722-01 silicon photodiode (Figur~ 1a). The charge amplifier used a· 2N4393 FET, which has a .rated capacitance of 15 pF and a transconductance of 20 mA/V, (Figure 1b ). For a lower capacitance photodiode, the 2N4416 FET would provide lower noise. The BGO crystal, the FET and the feedback components were kept at the same temperature as they were cooled. In this work we used equal RC integration and differentiation time -3-constants 't, which for a very narrow («'t) calibration pulse produces a response with the time dependence (t/"t) •EXP(-t/'t). This function· peaks at t='t and falls to 10% of the peak value at t=4.9't. The BGO photopeak pulses have a longer duration (especially at low temperature),-and their pulse peaking times are longer (Table 1) . ~The pulse height analyzer digitizes the maximum amplitude of each pulse and ignores the subsequent exponential decay .. Table 1 . Observed time for calibration and photopeak pulses to reach peak amp 1 itude
Nominal amplifier peaking time (~sec)
Calibration pulses (~sec) Photopeak pulses at +250C (~sec)
Photopeak pulses at -250C (~sec)

Photopeak pulses at -750C (~sec)
Photopeak pu 1 ses at -1250C ( !iSec) Photopeak .pulses at ;;;19ooc ( ~ec) shows .the· measured capacitance and dark current as .a function of reverse bias vo 1 t age at +2QOC. The device is fu 11 y dep 1 eted at 10 V and there is no advantage in operating at a larger bias voltage~~ Figure 2b shows the measured dark current as a function of temperature at a reVer:-se bias of 10V. A Keithley model 410 micro-micro ammeter was used, ·which has a most sensitive full range of 0.3 pA. Moderate cooling' greatly reduces the dark current and cooling below -6QOC reduces the dark current below our limit of measurement (0.1 pA). · · ... -- Table 2··presents the electronic noise present in our charge amplifier for various temperatures and peaking times·when·connected to the.silicon photodiode at a reverse bias of· lOV. Figures in· parentheses .are. for the charge amplifier without an input load (i.e. disconnected from the photodiode). The two predominant sources of charge amplifier noise are Johnson (thermal) noise in the FET, and shot noise, due to statistical fluctuations in the number of charge carriers in the bias current 7 ). The Johnson noise is proportional to C/f(R + 1/gm), where C is the tota.l capacitance (photodiode + FET + para-siticY, T is temperature in . degrees Kelvin; Rs . . is the photodiode series resistance, and gm is the FET transconductance. In addition, longer pulse peaking times 't reduce the effect of Johhson noise, but the:dependence seems to be more complex than ./[[';. The shot noise is pro port ion a 1 to It and is greatly reduced by cooling, through the reduction in photodiode dark current.
Results
.. At +200C and at a 10V reverse bias, the dark current is 2.6 nA and the capacitance is 12 pF. At this temperature, shot noise due to dark current in the photodiode dominates at longer peaking times and Johnson noise in the FET dominates at shorter peaking times. The amplifier noise has a minimum value of 660 e-FWHM at a pulse peaking time of 2 ~sec. As the temperature is lowered to ooc, there is a reduction in amplifier noise due primarily to the reduction in dark current from 2.6 nA to 0.6 nA. Further cooling to -2ooc reduces the dark current to 0.05 nA. Below -2ooc amplifier noise appears to be dominated by Johnson noise and decreases approximately as the square root of the temperature in degrees Kelvin. At a temperature of -1500C (dark current< 0.1 pA), the best pulse peaking time is the longest provided by our amplifier, 10 ~ec.
Under these conditions, the noise level is 295 electrons FWHM. Figure 3 shows measurements of the 662 keV photopeak amplitude in units of electron charge as a function of temperature from +200C to -1900C and for 0.5, 1, 2, 5, and 10 ~sec amplifier peaking times. The photopeak amplitude increases by a factor of 2.4 from +2ooc to -1oooc, in excellent agreement with previous measurements 8 ) . At the lowest temperatures, the BGO scintillation pulse becomes slower than the amplifier peaking time, and the photopeak amplitude decreases. Amplitude values were calibrated by applying 1 mV squarewave pulses through a 0.885 pF capacitor that was kept at room temperature. Both the voltage of the calibration pulse and the value of the capacitor are accurate to a few percent.
Performance of a BGO crystal coupled to a silicon photodiode
· · -5- Table 3 presents the 662 keV photopeak width for various temperatures and peaking times. Note that the pulses actually re~ch their peak value after time ~ (see Table 1 ). As shown in Figure 1 Under these conditions, the pulse amplitude and photopeak resolution were measured for several other gamma ray energies (Table 4 ). Table 1 for actual pulse peaking times. 
Performance of a BGO crystal coupled both to a p~ototube and a silicon photodiode
To measure , the response of· a SPD an·d a phototube coup 1 ed to the same BGO crystal, the silicon photodiode was cemented to a 3 mm x 3 mm face of a 10 mm long BGO crystal, and a 14 mm diameter phototube was cemented to the opposite 3 mm x 3 mm face. A wire mesh at cathode potential was placed between the crystal and the front face of the pho~otube to prevent coupling of the phototube pulses to the very sensitive charge amplifier. If this precaution is not taken, the charge amplifier detects artifact pulses whose amplitudes depend on the phototube voltage.
The SPD did not produce an observable 662 keV photopeak at +2ooc, but at -12ooc the photopeak pulses had 2800 e-and FWHM 27%. The phototube recorded a photopeak FWHM of 41% at +2QOC and 34% at -125oc. Only photopeak silicon photod i ode pu 1 ses were recorded when the output of the charge amp 1 if i er was gated by photopeak pulses from the phototube. This demonstrated that the silicon photodiode photopeak consisted of the same photopeak events seen by the phototube.
Discussion
In this work, cooling improved the pulse height resolution through four factors:
1) The dark current is reduced from several nA to below 0.1 pA, essentially eliminating shot noise in the photodiode (Figure 2b) .
2) The reduced shot noise permits the use of longer pulse peaking times, which reduces the effect of the Johnson noise in the FET ( Table 2) .
3) The Johnson noise in the FET and feedback resistor are reduced by approximately the square root of the temperature in degrees Kelvin ( Table 2 ).
4) The BGO light output increases, but the scintillation decay time also increases, so that the increased pulse height is only seen when using the longer pulse peaking times (Figure 3 ). ·While factors 2) and 4) are most important for applications that permit longer pulse peaking times, cooling substantially improves the resolution at short peaking times through factors 1) and 3).
The best 662 keV photopeak resolution measured in this work (7.2% FWHM) is broader than what waul~ be expected from the combination of amplifier noise (3.8% FWHM) and quantum statistics (2.7% FWHM) .. Assuming that these factors add in the square, the additional 5.5% FWHM may be due to other factors such as nonuniform light collection. Decreasing the SPD and FET capacitances by a factor of three would reduce the amplifier noise to below 1.5% FWHM, thus we expect that a very high quality BGO crystal could achieve a 662 keV photopeak reso 1 uti on of 4% FWHM at 1 ow temperature. ·
The best room temperature 662 keV photop~ak resolution measured in this work was 27% FWHM, 1 imited by. amplifier noise (18% FWHM) rather than charge statistics (4.5% FWHM). By using a SPD with much lower dark current, we expect that 10% FWHM could be achieved at room temperature. Hgi2 appears to be the only material whose dark current does not contribute significantly to amplifier noise at room temperatur~ .. If leakage current at the edge of the device is a factor, a separately grounded guard ring may be used to intercept this current and reduce shot noise 9 ). Even if dark current is very low, Johnson noise can be a serious factor, and low capacitance will be important.
For applications requiri~g low deadtime, the silicon avalanche photodiode may permit very short peaking times by increasing the signal that enters the charge amplifier. A 25 mm diameter silicon avalanche photodiode with a quantum efficiency-gain uniformity of 7% and a photopeak resolution of 9.5% FWHM using 662 keV on Nal(Tl) has been reportedlD).
· .
-
Other scintillators (such as BaF2, Nai(Tl), Csi(Tl), and CdW04), while not as efficient as BGO in detecting hjgh energy y-rays, are more .luminous and when used with. a SPD, may exhibit ~ign1ficantly. na~r~wer photopeaks than those shown here. Primary concerns are luminosity, a good match between the ;emitted wavelengths and. the spectral response of the· SPD, and that the number, of photons entering; the photodiode is independent of the position. ~f interaction in the scintillation crystal. In addition, if the SPD has low capacitance (<5 pF) and low dark current (< 0.1 nA), then photopeak reiolutions of a few% fWHM may be possible with little or no cooling. The most luminous scintillator thus far reported is pure Nai at -1960C, which has about seven times the output of BGO at -1250C and twice the light output of Nai(Tl) at room temperature 1 1, 12 ) . BaF2 is especially important for time-of-fl.ight.positron tomography 13 ) but the spatial resolution is presently limited by the size of high-quality ph9totubes necessary for sub-nanqsecond timing. In this application a fast phototube with a UV window can be coupled to gro~ps ~f BaF2 crystals to detect the sub-nanosecond emission component at 220 nm, and UV sensitive photodiodes can be coupled individually .to detect the slower 630 nsec component at 300 nm. The phototube timing resolution will be degraded, however, by the sharing of light with the photodiodes.
Conclusions
At room temperature, the dark current and small pulse height of BGO limit the 662 keV photopeak resolution to 27%, even at the optimal amplifier peaking time of • = 2 11sec. As the photodiode is cooled, .dark current drops rapidly and the light output increases with an increase in scintillation decay time.
The best photo peak reso 1 ut ion for · • = , 1 IJ.Sec was found to be 20% FWHM at -750C. The best overall photopeak resolution was 7.2% FWHM at -1500C and • = 10 11sec. Important factors for improvements in energy resolution are low dark current (which is strongly reduced by cooling), low capacitance (which is proportional to the ratio of photodiode area to thickness), and signal amplitude (which is increased by a factor of 2.4 for BGO on cooling from +2ooc to -lOOOC). We conclude that by proper design, small BGO crystals can detect gamma rays with an unprecedented combination of detection efficiency, spatial resolution, and energy resolution.
When a SPD and phototube are coupled to the same BGO crystal, photopeak events seen by the phototube are also seen by the SPD as photopeak pulses. This shows the feasibility of using phototubes for timing groups of crystals and silicon photodiodes for the identification of individual crystals.
